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Dissociation of small poly(methyl acrylic acid) (PMAA) anions produced by electrospray was
characterized by tandem mass spectrometry. Upon collisional activation, singly, and doubly
deprotonated PMAA oligomers were shown to fragment via two major reactions, dehydration
and decarboxylation. The elimination of a water molecule would occur between two
consecutive acid groups in a charged-remote mechanism, giving rise to cyclic anhydrides, and
was shown to proceed as many times as pairs of neutral pendant groups were available. As a
result, the number of dehydration steps, together with the abundance of the fragment ions
produced after the release of all water molecules, revealed the polymerization degree of the
molecule in the particular case of doubly charged oligomers. For singly deprotonated
molecules, the exact number of MAA units could be reached from the number of carbon
dioxide molecules successively eliminated from the fully dehydrated precursor ions. In
contrast to dehydration, decarboxylation reactions would proceed via a charge-induced
mechanism. The proposed dissociation mechanisms are consistent with results commonly
reported in thermal degradation studies of poly(acrylic acid) resins and were supported by
accurate mass measurements. These fragmentation rules were successfully applied to characterize
a polymeric impurity detected in the tested PMAA sample. (J Am Soc Mass Spectrom 2009, 20,
25–33) © 2009 Published by Elsevier Inc. on behalf of American Society for Mass SpectrometryBlock copolymers are of great interest in variousresearch fields. In particular, polymers based onweak acids such as poly(acrylic acid) (PAA) or
poly(methacrylic acid) (PMAA) have attracted consid-
erable attention because of the ability of the system to
change strongly upon variations in the pH and ionic
strength of the solution [1]. Hydrogels, i.e., weakly
cross-linked hydrophilic polymers, obtained after copo-
lymerization of polyethylene glycol (PEG) with
methacrylic acid were recently demonstrated to be
efficient absorbents of uranyl ions [2]. On the other
hand, the ability of amphiphilic PMAA-based block
copolymers to self-assemble and produce dynamic mi-
celles sensitive to different stimuli was shown to highly
depend on the balance between hydrophobic and hy-
drophilic segments [3–6]. Since the performance of such
copolymer materials is closely associated to structurally
related parameters, unambiguous characterization of
their microstructure is a crucial analytical issue.
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doi:10.1016/j.jasms.2008.09.019Since the development of soft ionization techniques,
mass spectrometry has become a powerful tool to
characterize the structure of synthetic polymers. A
single MS spectrum can allow the nature of the repeat
unit and of the end-groups to be confirmed, or copoly-
mers to be distinguished from homopolymers [7]. As
MS allows individual co-oligomer ions to be mea-
sured, the overall composition can be determined as
long as any peak overlap can efficiently be resolved
[8]. MS data could thus indicate the number of each
co-monomers but not the position of the repeat units
throughout the molecule and distinction of block copol-
ymers from random copolymers requires MS/MS ex-
periments to be performed [9]. Fragmentation pathways
along the chain allow the copolymer to be sequenced
since each co-monomer shows distinct dissociation beha-
vior. We recently showed that MS/MS dissociation of a
poly(ethylene oxide)/polystyrene block copolymer (PEO-
b-PS), synthesized by nitroxide-mediated polymerization
(NMP), proceeds by a specific homolytic cleavage of the
labile end-group, further allowing a depolymerization
process that reveals the PS block size [10].
The first requirement for a useful analysis of copol-
ymer MS/MS data is to understand the fragmentation
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co-monomers. Dissociation pathways have been stud-
ied for a large variety of polymers, such as PEO [11–24],
PS [20, 23–30], or poly(methylmethacrylate) (PMMA)
[20, 21, 23, 30–32]. In contrast, few MS studies have
been reported for PMAA and most of them focused on
the analysis of volatile thermal degradation products of
the polymer [33, 34]. Intact PMAA oligomer ions could be
produced by matrix assisted laser desorption/ionization
(MALDI) [35–38]. Although mass averages from these
MS data were often biased to low molecular weight and
produced with poor signal-to-noise ratios, information
regarding absolute masses of each individual macromo-
lecular species was available, allowing monomer and
end-group masses to be confirmed. Nonetheless, seri-
ous limitations in ionization of such polymers have
restricted MS studies to quite low molecular weight
molecules (Mw  3000). Moreover, to our knowledge,
collision-induced dissociation (CID) or post-source de-
cay (PSD) data have never been reported for PMAA.
The aim of this study was thus to establish the MS/MS
dissociation pathways of small PMAA oligomers ame-
nable to negative mode electrospray ionization (ESI), to
be further used to determine the length of PMAA blocks
in PMAA-based copolymers.
Experimental
Chemicals
HPLC-grade water and methanol was purchased from
SDS (Peypin, France). Poly(methacrylic acid) sodium
salt with Mw  1250 g/mol
1, as determined by gel
permeation chromatography (GPC), was purchased
from PSS (Mainz, Germany). This PMAA1250 has an H
atom as both end-groups. Poly(ethylene glycol)s used
for mass internal calibration were from Sigma-Aldrich
(St. Louis, MO). All chemicals were used as received
without further purification.
Mass Spectrometry
High-resolution MS and MS/MS experiments were
performed with a QStar Elite mass spectrometer (Ap-
plied Biosystems SCIEX, Concord, ON, Canada)
equipped with an electrospray ionization source oper-
ated in the negative ion mode. The capillary voltage
was set at 4200 V and the cone voltage at 75 V. In
this hybrid instrument, ions were measured using an
orthogonal acceleration time-of-flight (TOF) mass ana-
lyzer. A quadrupole was used for selection of precursor
ions to be further submitted to collision-induced disso-
ciations (CID) in MS/MS experiments. In MS, accurate
mass measurements were performed using two refer-
ence ions from a poly(ethylene glycol) internal stan-
dard, according to a procedure described elsewhere
[39]. The precursor ion was used as the reference for
accurate measurements of fragment ion m/z ratio inMS/MS spectra. Instrument control, data acquisition
and data processing of all experiments were achieved
using Analyst software (QS 2.0) provided by Applied
Biosystems. Low-resolution MS3 experiments were per-
formed using a 3200 QTRAP mass spectrometer (Ap-
plied Biosystems SCIEX) equipped with an electrospray
ionization source operated in the negative ion mode
(capillary voltage 4200 V; cone voltage 50 V). The
Analyst software (version 1.4.1) provided by Applied
Biosystems was used for instrument control, data ac-
quisition and data processing. In both instruments,
zero-grade air was used as the nebulizing gas (10 psi)
whereas nitrogen was used as the curtain gas (20 psi) as
well as the collision gas. Collision energy was set
according to the experiments. The studied PMAA1250
was dissolved in water, further diluted using methanol
to a final 50 mg/mL1 concentration and introduced in
the ionization source at a 5 L/min flow rate using a
syringe pump.
Nuclear Magnetic Resonance
All NMR experiments were conducted at 300 K on a
BRUKER AVANCE500 DRX spectrometer operating at
500 MHz for the 1H Larmor frequency, with a Bruker 5
mm triple-resonance 1H/13C/15N cryoprobe optimized
for 1H detection and equipped with an actively shielded
z gradient coil used for coherence selection. The pulse
sequence described previously [40] was used to record
the 2D 1H-13C multiplicity edited HSQC experiment
shown in Figure 4, by using a heteronuclear coupling
constant 1J (1H-13C) of 145 Hz and an evolution delay of
3.45 ms. This allowed the 1H-13C HSQC spectrum to be
edited by showing the correlations due to CH/CH3
groups and the CH2 groups as positive and negative,
respectively.
Results and Discussion
ESI-MS Analysis
Negative mode ESI of PMAA1250 gave rise to a
complex mass spectrum where multiple polymeric
distributions could be distinguished in the 200 to
1000 m/z range (Figure 1). The most intense peaks were
from PMAA1250, observed as [PMAA – H] and
[PMAA – 2H]2 anions, respectively annotated by open
and closed circles in Figure 1. A closer inspection of the
MS data also revealed that triply charged PMAA1250
molecules were produced with much lower intensity.
As doubly deprotonated oligomers were detected from
n  6 and since the chain length between the two
furthest apart carbonyl groups includes 13 carbon at-
oms in the 6-mer, this result suggest that negative
charges must be separated by at least 13 C atoms, i.e.,
four MAA monomers, to form stable multiply charged
species. A very similar result has already been reported
for PAA [41]. Singly and doubly deprotonated PMAA
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m/z range of detected signals indicates that these two
distributions are different and both less than the ex-
pected ones. Weight average molecular masses were
calculated to be 612 and 907 g/mol1, respectively, for
the 1 and 2 charge state. Signal-to-noise ratio of
[PMAA – 3H]3 species was too low for precise average
mass calculation but the center of this distribution,
measured around m/z 372.5, also indicates a bias to-
wards low mass oligomers. Such a discrepancy has
already been reported for PMAA [35] in both positive
and negative mode MALDI, as well as for other acrylic
polymers produced in multiple charge states after elec-
trospray ionization [41]. Variation in skimmer cone
voltage can cause changes in the relative intensities of
the multiple-charge distributions of polymers [42].
However, lowering the cone voltage value from 75 V
down to 20 V did not significantly modify the relative
abundance of the different envelopes but mainly alter
signal-to-noise ratios.
Two additional intense distributions were found to
indicate the presence, in the PMAA1250 sample, of a
second polymer detected at two different charge states,
1 and 2, respectively, annotated by open and filled
triangles in Figure 1. Compared with the expected
polymer, peaks in these distributions were observed
with a shift of 14 Da. Accurate mass measurements
could either suggest a PMAA polymer with a different
end-group, i.e., a –H, –CH3 instead of –H, –H termi-
nated polymer, or that one of the carboxylic acid groups
has been methylated. Replacing methanol by ethanol or
acetonitrile in the electrosprayed solution did not affect
the observed distribution, indicating that the eventual
methylation reaction has not proceeded in the ioniza-
tion source. Validity of the dissociation rules aimed at
being established here will be tested with MS/MS data
Figure 1. Negative mode ESI-MS spectrum of PMAA1250, de-
tected as [PMAA-H]– (open circles) and [PMAA-2H]2 (filled
circles). Distributions from an unknown PMAA impurity were
also detected at the 1 (open triangles) and 2 (filled triangles)
charge states.of this unknown polymeric impurity.Tandem Mass Spectrometry of Singly
Charged Oligomers
Singly charged precursor ions were first analyzed us-
ing collision-induced dissociation. The negative mode
ESI-MS/MS spectrum of the PMAA1250 3-mer (m/z
259.1), obtained at a 20 eV collision energy (laboratory
frame), shows four main fragment ions (Figure 2a). The
most intense peak, observed at m/z 241.1, indicates the
elimination of a water molecule from the precursor ion.
Water was shown to be one major product in thermal
degradation study of PAA [33, 34, 43–45] or PMAA
[43]. This dehydration process would occur with the
formation of a six-membered ring anhydride from two
pendant acid groups (Scheme 1), as previously demon-
strated studying thermally degraded PAA and PMAA
resins by nuclear magnetic resonance (NMR) [43] or
mass spectrometry [33]. The six-membered ring mech-
anism proposed in Scheme 1 to account for the water
loss requires two consecutive neutral monomers in the
precursor ion. Accurate mass measurements, together
Figure 2. ESI-MS/MS spectra of singly charged PMAA1250
3-mer (m/z 259.1) acquired at two collision energies (a) 20 eV and
(b) 30 eV (laboratory frame). Peaks annotated by (x;y) result from
the elimination of x water and y carbon dioxide molecules from
the precursor ion. An asterisk indicates a fragment ion of a triply
charged precursor ion.
heme
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that the so-formed m/z 241 fragment ion would decar-
boxylate to yield m/z 197. This reaction could proceed in
a charge-induced mechanism, as described in Scheme 1.
Elimination of a carbon dioxide molecule was system-
atically found to be a major thermal degradation route
for PAA [33, 34, 43–45] and PMAA [43]. All thermal
degradation studies also indicate that decarboxylation
was slower than dehydration and required higher tem-
peratures to proceed. Interestingly, a similar behavior is
observed for gas-phase negatively charged PMAA
upon activation. Further dissociation of m/z 197 could
occur in a charge-induced mechanism to yield m/z 155
after elimination of a propene molecule from the oli-
gomer backbone (Scheme 1). Alternatively, elimination
of the same neutral could be envisaged from the other
side of the molecule, but in such a charge-remote
mechanism, two successive proton transfers would be
required. In both cases, as the eliminated neutral moiety
contains one or the other end-group of the precursor
ion, this particular MS/MS reaction would be useful for
the determination of unknown oligomer end-groups.
Location of the negative charge in m/z 155 would then
allow the six-membered ring to be opened and release a
CO2 molecule from the anhydride to yield m/z 111
(Scheme 1). It should be noted that a peak, annotated
with a star in Figure 2a, was observed at m/z 253.1, i.e.,
a 6 Da difference from the precursor ion, and actually
revealed that a triply charged negative ion was selected
for fragmentation in the quadrupole analyzer together
with the singly deprotonated m/z 259.1.
A slight increase in collision energy (from 20 to 30
eV, laboratory frame) in the CID experiment of m/z 259
largely modifies the MS/MS data, as shown in Figure
2b. The five previously described fragments ions are
still present but their relative intensities have changed,
consistently with the MS/MS filiation described in
Scheme 1. In addition, eight new peaks were observed.
The fragment ion detected at m/z 215 (C11H19O4
; DBE:
2.5; error:8.9 ppm) would indicate the loss of a carbon
dioxide molecule from the precursor ion m/z 259, as
described in Scheme 2. This direct decarboxylation,
poorly detected at a 20 eV collision energy, does not
appear to proceed at a high rate and would not compete
Scefficiently with the dehydration process, as concludedfrom thermal degradation studies of neutral PAA and
PMAA [33, 34, 43–45]. Location of the negative charge
in m/z 215 would allow a proton abstraction from one
neighbored acidic function, inducing again the loss of
carbon dioxide to generate m/z 171 (C10H19O2
; DBE:
1.5; error: 6.1 ppm), as described in Scheme 2. Further
elimination of a propene molecule from m/z 171 would
yield m/z 129 (C7H13O2
; DBE: 1.5; error: 9.3 ppm),
according to the charged-induced mechanism proposed
in Scheme 2. The mass of this lost neutral is expected to
vary as a function of the  end-group size. As described
in Scheme 3, a 1,5-proton transfer in m/z 197 would
result in a bicyclic structure in which delocalization of
the negative charge would induce the elimination of a
carbon dioxide molecule to form m/z 153 (C10H17O
;
DBE 2.5; error: 4.0 ppm). This m/z 153 fragment ion
would further dissociate via a charge-induced mecha-
nism to produce m/z 97 (C6H9O
; DBE: 2.5; error: 14.3
ppm) and a neutral moiety (here, a 2-methylpropene
molecule), which would be mass-informative about the
 end-group (Scheme 3). The only way found to account
for the formation of m/z 141 (C7H9O3
; DBE 3.5; error:
16.2 ppm) was to consider a different structure for m/z
197, as depicted in Scheme 4. This structure implies
deprotonation has occurred on the MAA monomer
linked to the initiating group; then, after a first dehy-
dration step has occurred, a decarboxylation reaction
would have proceeded in a direct mechanism. In such a
structural configuration, location of the negative charge
near the  end-group would allow the elimination of a
2-methylpropene neutral moiety containing the H 
end-group. Further dissociation of the so-formed m/z
1Scheme 2
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induced mechanisms (Scheme 4): elimination of a car-
bon dioxide molecule would generate m/z 97 (C6H9O
;
DBE: 2.5; error: 14.3 ppm) whereas elimination of a
propene-1-one molecule would produce m/z 85
(C4H5O2
; DBE 2.5; error: 3.5 ppm). Finally, the same
m/z 197 fragment ion as described in Scheme 4would be
required to account for the formation of m/z 139
(C7H7O3
; DBE 4.5; error: 10.6 ppm). The particular
location of the negative charge in thism/z 197 ion would
allow the abstraction of a proton in the 1,5-process
depicted in Scheme 5. This rearrangement would then
allow the migration of an hydride, via a charge-induced
mechanism, and the release of a 2-methylpropane neu-
tral. Further increase of the collision energy did not
allow any new fragment ions to be generated.
To account for the formation of some fragment ions,
different forms of the precursor ion, i.e., with a different
site of deprotonation, had to be envisaged. However,
once deprotonation has occurred in the ionization
source, all these configurations can be reached from
each others since the negative charge can be delocalized
via a proton transfer process from one acidic group to
the next one. As the size of the precursor ion increases,
increasing number of sites are available for charge
location and more fragment ions are produced, partic-
Scheme 3Scheme 4ularly those arising from cleavages in the backbone.
However, intensity of these ions dramatically decreased
and any of those reactions which could have been
useful for end-group determination were hardly or no
longer observed as n increased. Actually, fragment ions
arising from water and/or carbon dioxide elimination
were found to provide the most clear informative data.
First, as (n  1) carboxylic acid groups are available for
water elimination in a singly charged n-mer, the maxi-
mal number of successive 18 Da losses would be equal
to (n  1)/2. As a result, the total number of observed
water losses in the MS/MS spectra would reveal the
exact size of the n-mer precursor ion backbone if n is an
odd number, and the number of monomer minus one if
n is an even number. The actual n value can easily be
determined from MS/MS spectra of two consecutive
oligomers. For example, as only one dehydration step
could be observed in both MS/MS spectra of m/z 259
(Figure 1) and the next homologue in the distribution
m/z 345 (data not shown), it could be concluded that (1)
m/z 259 contains an odd n number of MAA monomers
and (2) n 3. In addition, the number of carbon dioxide
eliminations within a given MS/MS filiation for a singly
charged n-mer was found to be at most equal to n  1.
Since the number of H2O and CO2 elimination were
found to be the most relevant reactions in terms of
structural characterization, a particular nomenclature
(x;y) was adopted for their annotation, where x and y,
respectively, indicate the number of eliminated water
and carbon dioxide molecules, as shown in Figure 2.
Tandem Mass Spectrometry of Doubly
Charged Oligomers
The influence of the charge state on MS/MS behavior
of PMAA has also been explored. As previously
indicated, the main peaks observed in MS/MS spec-
tra of increasing size oligomers arose from elimina-
tion of water and carbon dioxide molecules. Since
doubly deprotonated PMAA oligomers were formed
from n  6, losses of H2O were the main reactions
evidenced in CID spectra of [PMAA – 2H]2, as
exemplified for the 8-mer (m/z 344.1) and the 9-mer (m/z
387.1) in Figure 3. In contrast to MS/MS of singly
charged oligomers, ions arising from decarboxylation
reactions could only be poorly detected. No other
significant fragment ion could be detected at this 20 eV
collision energy (laboratory frame). Increase of the
collision energy mainly gave rise to low intensity frag-
Scheme 5ment ions in the low m/z range.
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tions were found to be of great interest for the structural
characterization of doubly charged PMAA oligomers.
As oligomers are doubly deprotonated, the number of
neutral carboxylic acid groups available for water elim-
ination is equal to (n  2). Therefore, three successive
water losses were observed from both the 8-mer and the
9-mer precursor ions submitted to CID, yielding the
following MS/MS filiations : m/z 344.1 ¡ m/z 335.1 ¡
m/z 326.1 ¡ m/z 317.1 (Figure 3a) and m/z 387.1 ¡ m/z
378.1¡ m/z 369.1¡ m/z 360.1 (Figure 3b). Although the
two MS/MS spectra were acquired with the same
experimental conditions, that is, with a slightly lower
center-of-mass collision energy for m/z 387.1, elimina-
tion of three water molecules appeared to occur more
favorably from the 9-mer compared with the 8-mer.
Owing to the fact that three sets of two consecutive
neutral MAA monomers (i.e., three pairs) are required
to allow elimination of three water molecules, the
probability to fulfill this condition in the doubly depro-
tonated 8-mer was calculated to be equal to:
Figure 3. ESI-MS/MS spectrum of doubly charged PMAA1250
(a) 8-mer (m/z 344.1) and (b) 9-mer (m/z 387.1), acquired at a 30 eV
collision energy (laboratory frame). Peaks annotated by (x;y) result
from the elimination of x water and y carbon dioxide molecules
from the precursor ion.C5
2
C8
2
10
28
 35.7%
where C8
2 is the total number of possibilities to arrange
2 charged monomers in a series of 8 and C5
2 the number
of these arrangements which allow neutral monomer
pairs to exist. In a doubly deprotonated 9-mer, this
probability increases to
C5
2C3
1
C9
2 
30
36
 83.3%
where C3
1 takes into account the fact that, because there
is an odd number of available neutral monomers,
isolation of one monomer from the other ones does not
affect the potential to form three pairs. Of course, this
simple probability calculation has no real physical
meaning since all possible arrangements were consid-
ered, including the unrealistic ones with two consecutive
charged monomers. However, assuming the two nega-
tive charges should be separated by at least four MAA
monomers to form stable species as concluded from MS
data, the probability to fulfill the requirement for three
water losses is still higher for the 9-mer (9/10  90%)
than for the 8-mer (3/6 50%). It was not expected that
the difference in relative intensity observed between
m/z 317.1 (Figure 3a) and m/z 360.1 (Figure 3b) fits these
probability calculations, since relative stability of the
various arrangements could not be taken into account.
Nevertheless, it can be concluded that the higher rela-
tive abundance of m/z 360.1 would reflect the larger
number of possibilities for a doubly deprotonated
PMAA 9-mer to eliminate three water molecules, com-
pared with the 8-mer. Although peak intensities change
Figure 4. 500 MHz 1H-13C multiplicity edited HSQC spectrum
recorded at 300 K on a D2O solution of PMAA1250 (20 mg/mL).
Positively and negatively phased cross-peaks are shown in black
and grey, respectively, and correspond to CH/CH3 groups (black)
and CH2 groups (grey). The corresponding 1D
1H spectrum is
shown at the top. The correlation between the 1H signal at  3.6 ppm
and the 13C signal at  53 ppm is characteristic of a OCH3 group,
which is consistent with the presence in the sample of a polymeric
species bearing at least one methoxylated carboxylic group.with collision energy, relative intensity of the peak
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(2;0) was always found to be higher for the 9-mer
than for the 8-mer precursor ion. Therefore, in con-
trast to singly charged molecules (where the exact
number n of MAA monomers could be reached from
the maximal number of water losses only in the case
of odd values of n), monitoring the relative intensity
of peaks corresponding to maximal dehydration from
doubly charged consecutive oligomers would con-
firm the polymerization degree of these molecules,
previously revealed by the study of consecutive oli-
gomer MS/MS spectra (Figure 3).
Microstructural Characterization of the
Unknown PMAA
These dissociation rules were then tested for the un-
known PMAA polymer, detected with a 14 Da mass
shift compared with the expected polymer in the MS
spectrum of PMAA1250. MS/MS data obtained from
m/z 445.2 (not shown) indicate that the precursor ion
could eliminate a water molecule, to produce m/z 427.2,
or a methanol molecule, to yield m/z 413.2. This last
reaction clearly indicates the methylation of one of the
carboxylic acid functions. In the MS/MS spectrum, at
most one dehydration reaction was observed from the
precursor ion as previously mentioned, or from m/z
413.2, i.e., after the release of methanol. Note that the
fragment ion formed in the latter reaction, detected at
m/z 395.2, could also arise from the loss of a methanol
molecule following dehydration of the precursor ion.
These results imply the formation of at most two
anhydrides, that is, the presence of at least four neutral
monomers, three MAA, and one MMA. Moreover, the
observed MS/MS filiation m/z 395¡ m/z 351¡ m/z 307
¡ m/z 263 revealed three successive carbon dioxide
eliminations, which is consistent with the presence of
two anhydride six-membered rings and one deproto-
nated MAA monomer. All these dissociation reactions
were supported by accurate mass measurements (Table
1). Calculating the mass obtained from this combina-
tion, as 3mMAA  mMMA  m(MAA  H)  443, indicates
the oligomer should be H,H-terminated to account
for the mass-to-charge ratio of the studied m/z 445
precursor ion. The chemical composition proposed for
Table 1. Accurate mass measurements obtained for the main
fragment ions in the MS/MS spectrum of m/z 445.2, a singly
charged oligomer from the unknown PMAA distribution
m/zexperimental m/ztheoretical Formula DBE Error (ppm)
445.2079 445.2079 C21H33O10
 5.5 I.S.
427.2021 427.1973 C21H31O9
 6.5 11.1
413.1855 413.1817 C20H29O9
 6.5 9.2
395.1736 395.1711 C20H27O8
 7.5 6.2
351.1831 351.1813 C19H27O6
 6.5 5.1
307.1907 307.1914 C18H27O4
 5.5 2.5
263.2082 263.2016 C17H27O2
 4.5 24.9I.S.  internal standard.m/z 445 was further confirmed by MS/MS data ob-
tained for the next homologue in the distribution, that is
m/z 531, which was shown to experience (1) elimination
of one water molecule followed by the loss of one
methanol neutral, (2) methanol loss before water elim-
ination, and (3) two successive water losses. CID of the
corresponding oligomer with no MMA unit, i.e., the
unmodified PMAA 5-mer at m/z 431, revealed two
successive water losses from the precursor ion, ulti-
mately leading to the same m/z 395 fragment ion as
observed in MS/MS spectra of m/z 445 (Table 1).
Doubly charged oligomers from this unknown polymer
were also selected for dissociation (data not shown). For
example, formation of up to three anhydrides was
revealed by elimination of two molecules of water and
one molecule of methanol from the m/z 351.1 precursor
ion. It could thus be concluded from these readily
available data that the oligomer ion submitted to CID
was the doubly deprotonated form of H-(MAA)7-
(MMA)1-H. It should be noted that although the colli-
sion energy was raised, only three of the five possible
decarboxylation reactions were observed, indicating
again that the number of successive CO2 eliminations is
not a reliable information for microstructural character-
ization of doubly charged PMAA oligomers. MS/MS
data from m/z 394.1, the next homologue of m/z 351.1 in
the doubly charged oligomer distribution, also indi-
cated the formation of three anhydrides, after the pre-
cursor ion has dehydrated twice and eliminated a
methanol molecule. However, the value obtained while
calculating the intensity ratio of the fragment ion con-
taining three anhydride groups versus the most intense
fragment ion with two anhydrides was found to be
three times larger in the case of m/z 394.2 compared to
m/z 351.1. As discussed previously, this result would
reflect the larger number of possibilities to arrange
three pairs of neutral monomers in m/z 394.2, indicating
this ion is the doubly deprotonated form of H-(MAA)8-
(MMA)1-H. These MS/MS findings were further val-
idated by NMR experiments which are consistent
with the presence of a polymeric species containing at
least one methylated carboxylic acid (Figure 4). How-
ever, the position of the MMA unit within the PMAA
chain could not be determined. Indeed, this informa-
tion could have been reached from cleavages of the
intact oligomer backbone but, when observed, these
reactions were shown to proceed from fragment ions
in which most of the pendant groups have already
formed cyclic anhydrides.
Conclusions
Negative mode electrospray ionization tandem mass
spectrometry was shown to be an efficient tool to
determine the number of repeat units in PMAA oli-
gomers. A straightforward way to reach the molecule
polymerization degree consists of monitoring the num-
ber of dehydration and/or decarboxylation steps in the
MS/MS spectra. Depending on the precursor ion charge
32 GIORDANENGO ET AL. J Am Soc Mass Spectrom 2009, 20, 25–33state, one of these two major dissociation routes should
be studied. Because minor fragmentation reactions con-
sisting of polymer backbone cleavages were hardly
observed as the oligomer size increased, they could not
be useful for end-group determination. These dissocia-
tion rules were established to be further used to char-
acterize the microstructure of PMAA-based copoly-
mers. However, negative mode ionization might not
always be efficient for copolymers. Particularly, ioniza-
tion of polymers containing hydrophobic segments is
expected to preferentially occur via cationic adduction.
Characterization of the MS/MS behavior of PMAA ions
produced in positive mode electrospray is thus re-
quired and is currently under study in our laboratory.
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